Abstract. Using solid-to-solid couples investigation, this study characterized the reaction products evolved and quantified the diffusion kinetics when pure Mg bonded to AA6061 is subjected to thermal treatment at 300°C for 720 hours, 350°C for 360 hours, and 400°C for 240 hours. Characterization techniques include optical microscopy, scanning electron microscopy with X-ray energy dispersive spectroscopy, and transmission electron microscopy. Parabolic growth constants were determined for γ-Mg 17 Al 12 , β-Mg 2 Al 3 , and the elusive ε-phase. Similarly, the average effective interdiffusion coefficients of major constituents were calculated for Mg(ss), γ-Mg 17 Al 12 , β-Mg 2 Al 3 , and AA6061. The activation energies and pre-exponential factors for both parabolic growth constant and average effective interdiffusion coefficients were computed using the Arrhenius relationship. The activation energy for growth of γ-Mg 17 Al 12 was significantly higher than that for β-Mg 2 Al 3 while the activation energy for interdiffusion of γ-Mg 17 Al 12 was only slightly higher than that for β-Mg 2 Al 3 . Comparisons are made between the results of this study and those of diffusion studies between pure Mg and pure Al [1] to examine the influence of alloying additions in AA6061.
Introduction
Uranium-Molybdenum (U-Mo) dispersion and monolithic fuels encased in aluminum (Al) alloys have been developed as a low-enrichment metallic fuel system for research and test reactors around the globe [2] [3] [4] under the Global Threat Reduction Initiative (GTRI). In dispersion fuel design, UMo fuel particles are dispersed in an Al-alloy matrix and assembled between AA6061 cladding where the maximum composition of the various alloy constituents, in at.%, is 1.34Mg-0.78Si-0.34Fe-0.17Cu-0.10Zn-0.09Ti-0.18Cr-96.92Al.. For monolithic fuel design, the U-Mo plate, with a Zr diffusion barrier, is directly laminated between AA6061 cladding. For the dispersion design, interdiffusion and reactions can occur between the U-Mo fuel and Al or Al alloy during fuel-system processing and irradiation [5] [6] [7] . Many investigations [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] have been conducted to examine the complex and potentially deleterious interactions and document its complexity. To eliminate potentially deleterious interactions between U-Mo fuel with Al or an Al-alloy in a dispersion fuel, Mg can be applied as an inert matrix. However, this results in the creation of interfaces between the U-Mo fuel particles and the Mg matrix and between the Mg matrix in the fuel meat and the AA6061 cladding, at which diffusional interactions can occur.
Previous investigations through hot-rolling [17] and solid-to-solid diffusion couple annealed at 550°C [18] have shown that pure Mg and U-Mo alloy, when in contact, exhibited negligible interactions. However, the studies by Wiencek [17] and Brennan [1] have reported that at relatively high temperatures noticeable diffusional interaction can occur between pure Mg and AA6061 and pure Al, respectively. For the application of Mg in the low-enriched dispersion fuel system, it is thus important to examine the interaction between AA6061 and Mg at temperatures approaching those that would be employed to fabricate fuel plates. This is needed to understand the phase development and kinetics of interaction that may occur at the Mg fuel meat matrix/AA6061 cladding interface. Any phases that develop may affect the overall performance of a fuel plate when it is irradiated in a reactor. In this study, solid-to-solid diffusion couples were assembled between AA6061 and pure Mg, and annealed at 300°C for 720 hours, 350°C for 360 hours, and 400°C for 240 hours. The interdiffusion and reaction products in the diffusion couple were characterized using field-emission scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM). X-ray energy dispersive spectroscopy (XEDS) equipped on the FE-SEM was utilized to determine the standard-less semi-quantitative concentration profiles.
Experimental Procedure
Mg rods of 99.99% purity were acquired from a commercial source (SCI Engineered Materials, Inc.
TM ). Commercial-grade AA6061 was employed in this study. Both the AA6061 and Mg rods were sectioned into 3-mm-thick disks, and the surfaces were metallographically prepared by polishing down to 1 µm alumina suspension. To avoid the oxidation of Mg, the polishing process employed non-oxidizing lubricant. The prepared surfaces were then placed in contact with each other and held together by two stainless steel disks and rods to form a clamping jig. The jig assembly was encapsulated in a quartz capsule, purged with Ar and H, and sealed under vacuum (10 -4 Pa). The couples were annealed using a Paragon-Bluebird™ furnace at the temperature of 300°C for 720 hours, 350°C for 360 hours, and 400°C for 240 hours. After the anneal, the quartz capsule was removed from the furnace, immediately submerged in water, and broken open to quench the diffusion couple. The diffusion couple was embedded in epoxy and cross-sectioned for microstructural examination and compositional analysis.
FE-SEM analysis was performed on the interdiffusion microstructure and composition redistribution using a Zeiss™ Ultra-55 FE-SEM with XEDS. The ε-phase (Mg 23 Al 30 ), initially identified by FE-SEM, was further examined by FEI™ TEM Tecnai F30 300 keV TEM. Sitespecific specimens were prepared by using a FEI™ TEM200 Focus Ion Beam (FIB) in situ lift-out (INLO) technique [19] . Initially, a Pt layer was deposited onto the selected area of interest, to protect the surface of the sample from the accelerated Ga-ion beam. The high energy Ga beam was utilized to mill material creating a trench on both sides. The edges of the sample were then milled leaving only a small bridge of material so that the sample remained attached to the bulk alloy. An Omni-probe™ with a tungsten tip was then lowered in, and Pt-welded to the bridge connecting the sample and the bulk alloy. The partially attached edge of the specimen was then milled completely to release the sample. The tungsten tip, with the TEM specimen still welded to it, was then lifted away from the stage and lowered toward a slotted copper TEM grid.
Results and Discussion
Figure 1 presents backscatter electron micrographs and the corresponding concentration profiles from Mg vs. AA6061 diffusion couples annealed at (a) 300°C for 720 hours, (b) 350°C for 360 hours, and (c) 400°C for 240 hours. Similar to the observation made by Brennan et al. [1] , thin γ-phase (Mg 17 Al 12 ) and thick β-phase (Mg 2 Al 3 ) were observed to develop according to the binary Mg-Al phase diagram. Precipitates and dispersoids were observed in the AA6061, and their presence extended into the β-phase adjacent to the AA6061. Markers (native oxides of MgO) were identified, as labeled in Figure 1 , within the β-phase adjacent to the AA6061 consistent with the observation made by Brennan et al. [1] . Precipitates and dispersoids observed within the β-phase also coincided with the marker location as labeled in Figure 1 . Careful examination of diffusion couples identified the presence of the high temperature ε-phase in diffusion couples annealed at 300 and 350°C as presented in Figure 2 (a). This phase was not observed in the Mg vs. Al diffusion couple study by Brennan et al. [1] despite similar waterquench and extensive microscopy. In fact, the presence of this phase was suggested by Brubaker and Liu [20] from solid-to-solid diffusion couple experiments using pure Al and pure Mg. TEM sample was prepared via site-specific FIB-INLO for the thin ε-phase (Mg 23 Al 30 ). From the thickness of each phase observed, and under the assumption of diffusioncontrolled growth, parabolic growth constants for each phase was determined from each diffusion couple as reported in Table I . Thickness of at least twenty different locations was measured so that the growth constants reported have uncertainty within 10 percent. Activation energy, Q k and preexponential factor, k o calculated based on Arrhenius relation for γ-Mg 17 Al 12 and β-Mg 2 Al 3 phases are also reported in Table I . Unfortunately the ε-Mg 23 Al 30 was not observed in the couple annealed at 400°C and its activation energy and pre-exponential factor are not reported. A decrease (~30 percent) in the activation energy for the growth of both γ-Mg 17 Al 12 and β-Mg 2 Al 3 phases was observed when pure Al [1] was replaced by AA6061 in this study as the terminal alloy in contact with pure Mg. Figure 3 presents the temperature-dependence of growth constants determined from both Mg vs. Al and Mg vs. AA6061 diffusion couples. The concentration profiles in Figure 1 are very similar to those reported for pure Mg vs. pure Al diffusion couples by Brennan et al. [1] . Several attempts were made to determine statistically-confident concentration profiles for alloying additions in AA6061, such as Si, Fe, Cu, Mn, Cr, Zn, and Ti. However, their presence within the precipitates and dispersoids resulted in significant scatter and failed to provide any meaningful concentration profiles. Therefore the concentration profiles in Figure 1 must be considered as "pseudo-binary" for Mg and Al only for further analysis.
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These "pseudo-binary" concentration profiles for Mg and Al presented in Figure 1 were smoothened, and analyzed for estimation of interdiffusion fluxes [21] and average effective interdiffusion coefficients [22] . Table II 
